
US 20060212095A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2006/0212095 A1 

Wolfe et al. (43) Pub. Date: Sep. 21, 2006 

(54) 

(75) 

(73) 

(21) 

(22) 

(62) 

MULTIRATE COCHLEAR STIMULATION 
STRATEGY AND APPARATUS 

Inventors: Joe Wolfe, Coogee. N.S.W. (AU); Paul 
Michael Carter, Carlingford N.S.W. 
(AU); Simon Geo?rey Parker, Lane 
Cove (AU); Robert Fearn, Maroubra 
N.S.W. (AU); Niki Frampton, 
Wamberal N.S.W. (AU) 

Correspondence Address: 
JAGTIANI + GUTTAG 
10363-A DEMOCRACY LANE 
FAIRFAX, VA 22030 (US) 

Assignee: Cochlear Limited, Lane Cove (AU) 

Appl. No.: 11/385,677 

Filed: Mar. 22, 2006 

Related US. Application Data 

Division of application No. 10/030,830, ?led on Jun. 
5, 2002, noW Pat. No. 7,072,717, ?led as 371 of 

international application No. PCT/AU00/00838, ?led 
on Jul. 12, 2000. 

(30) Foreign Application Priority Data 

Jul. 13, 1999 (AU) .......................................... .. PQ 1610 

Publication Classi?cation 

(51) Int. Cl. 
A61N 1/18 (2006.01) 

(52) US. Cl. .............................................................. .. 607/57 

(57) ABSTRACT 

A cochlear implant system in Which information about the 
periodicity of a received audio signal in each ?lter channel 
is used as a factor in determining the rate of stimulation 
applied to a tonotopically placed electrode corresponding to 
the relevant ?lter channel. As such, the stimulation rate for 
each electrode is related to the periodicity of the signal in the 
?lter channel corresponding to that electrode. This may 
alloW for improved perception of pitch by the implant 
recipient. 
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FIG. 1A 
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FIG . 3A 
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MULTIRATE COCHLEAR STIMULATION 
STRATEGY AND APPARATUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of US. 
patent application Ser. No. 10/030,830, ?led Jun. 5, 2002, 
Which is a national stage application of PCT/AU2000/ 
000838 ?led Jul. 12, 2000, Which claims priority from 
Australian Provisional Application PQ 1610 ?led Jul. 13, 
1999. The entire disclosure and contents of the above 
applications are hereby incorporated by reference herein. 

BACKGROUND 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to cochlear 
implant prostheses and, more particularly, to applying stimu 
lation pulses to the neural structures of a cochlea in accor 
dance With a multirate cochlear stimulation strategy. 

[0004] 2. RelatedArt 

[0005] Cochlear implant systems (also commonly referred 
to as cochlear devices, cochlear prostheses, and the like; 
collectively and generally referred to herein simply as 
“cochlear implant systems” or “cochlear implants”) are used 
to aid patients (also referenced to as recipients, implantee, 
Wearer, user, and the like) having a hearing de?ciency. More 
particularly, these systems include a microphone receiving 
ambient sounds and converting the sounds into correspond 
ing electrical signals, signal processing means for process 
ing the electrical signals and generating cochlear stimulating 
signals and an electrode assembly for applying the cochlea 
stimulating signals to the cochlea of an implantee. In 
response to such stimulating signals a perception of corre 
sponding ambient sound is elicited in the implantee. 

[0006] The inner ear of a normal hearing person includes 
hair cells Which convert the displacement of the ear’s basilar 
membrane in response to sound into nervous impulses. 
Different parts of the basilar membrane of the normal 
cochlea are displaced maximally by different frequencies of 
sound so that loW frequency sounds maximally displace 
apical portions Whereas higher frequency sounds cause 
displacement of more basal portions of the membrane. The 
nervous system is arranged so that a nervous impulse 
originating from a hair cell located adjacent an apical area of 
the membrane is perceived as a loW frequency sound 
Whereas a nervous impulse originating from a hair cell 
located adjacent a more basal position of the membrane is 
perceived as a higher frequency sound. This mapping of 
position to pitch is Well knoWn in the art as the tonotopic 
arrangement of the cochlea. 

[0007] In a dysfunctional ear the hair cells may be dam 
aged or absent so that no nervous impulses are generated. In 
such cases electrical stimulation impulses must be provided 
arti?cially to simulate the nervous activity of the hair cells 
in order to create a perception of sound. 

[0008] FIG. 1A is a schematic illustration of a totally 
implantable cochlear implant. In such cochlear implant 
devices, ambient sounds are detected by a microphone 103 
and a transduced signal is thereby generated, representative 
of the ambient sound. A processor unit 105 then processes 
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this transduced signal according to one of many strategies, 
(some of Which Will be explained further beloW) and based 
on this processing stimulation currents are applied betWeen 
the electrodes of a coupled array. For example, in “monopo 
lar” mode stimulation, stimulation currents may be caused to 
How betWeen an electrode of the electrode array 109 and an 
extracochlear electrode 115. Nervous discharges elicited in 
the basilar membrane are conveyed to the central nervous 
system of the Wearer by auditory nerve 113. 

[0009] In the event that the stimulation current ?oWs 
betWeen an apical electrode (such as electrode 111) and 
extracochlear electrode 115, then a loWer pitched hearing 
sensation Will be perceived by a Wearer of the prosthesis 
than Will be the case if stimulation current ?oWs betWeen a 
basal electrode (such as electrode 107) and extracochlear 
electrode 115 because of the tonotopic arrangement of the 
cochlea. Further pitch information may be transmitted to the 
Wearer corresponding to the rate at Which stimulations are 
delivered. 

[0010] In the past designers of cochlear implant stimula 
tion strategies have striven to optimiZe the intelligibility of 
spoken Words as perceived by the Wearer of a cochlear 
implant. 

[0011] One of the earliest sound processing and cochlear 
stimulation strategies is described in US. Pat. No. 4,532,930 
to the present applicant. In that patent there is taught the use 
of a ?lter dedicated to extracting the voice pitch of a speech 
signal. The periodicity of the voice pitch is used to set the 
stimulation periodicity for tWo or three electrodes. A second, 
and possibly third, channel is analyZed to determine peri 
odicity and amplitude in a selected frequency band. 

[0012] The periodicity extracted from the second ?lter, 
and possibly third ?lter, is used to select Which electrode is 
stimulated for the second and third channels While the 
periodicity of stimulation of the channel is determined by 
the periodicity of the output signal from the ?rst ?lter. 

[0013] Another stimulation arrangement is described in 
US. Pat. No. 4,207,441. In that system there are n electrodes 
each coupled to one of n ?lters. Each electrode is stimulated 
once per analysis period, With an intensity corresponding to 
the amplitude of the corresponding ?lter channel. The analy 
sis period of this system is predetermined and hence is not 
related to the signal on the ?lter outputs. 

[0014] More recently, in EP 0 745 363 there is described 
a stimulation system Which takes into account the temporal 
behavior of the cochlea. In one described embodiment a 
Wavelet transformation is used to extract the temporal infor 
mation With a vieW to using this information to determine 
the sequence of stimulation of the electrodes. The purpose of 
the invention is to improve the temporal resolution in 
response to a rapidly changing audio spectrum. 

[0015] A problem commonly experienced by users of the 
above or other types of conventional cochlear implants 
featuring the above and other conventional stimulation 
schemes is that While intelligibility of spoken Words is often 
good, the user’s pitch perception is less than optimal. 
Accordingly, it is an object of the present invention to 
provide an apparatus and method for use in a multi-channel 
cochlear implant Which Will improve a users perception of 
pitch. 
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SUMMARY 

[0016] In one aspect of the present invention, a cochlear 
implant prosthesis for delivering to a recipient’s cochlea 
stimulation pulses representing a received audio signal is 
disclosed. The cochlear implant prosthesis comprises: a 
processor con?gured to process electrical signals corre 
sponding to the received audio signal to produce a plurality 
of ?ltered signals having different center frequencies; a 
plurality of amplitude detectors each producing a magnitude 
signal dependent on the magnitude of one of said ?ltered 
signals; a plurality of pulse requesters each con?gured to 
produce a pulse request signal dependent on a periodicity of 
one of said ?ltered signals; a pulse generator con?gured to 
produce stimulation pluses at time instants dependent on 
said pulse request signals, With the magnitude of said 
stimulation pulses dependent on said magnitude signals; and 
a plurality of electrodes for delivering said stimulation 
pulses. 

[0017] In another aspect of the invention, a method for 
delivering to a recipient’s cochlea stimulation pulses repre 
senting a received audio signal is disclosed. The method 
comprises: processing electrical signals corresponding to the 
received audio signal to produce a plurality of ?ltered 
signals having different center frequencies; producing a 
plurality of magnitude signals each representative of the 
magnitude of one of said plurality of ?ltered signals; pro 
ducing one or more pulse request signals each depending on 
a periodicity of one of said plurality of ?ltered signals; 
producing stimulation pulses at time instants dependent on 
said one or more pulse request signals, With a magnitude of 
said stimulation pulses dependent on said magnitude sig 
nals; and delivering said stimulation pulses to the recipient’s 
cochlear. 

BRIEF DESCRIPTION OF DRAWINGS 

[0018] The invention Will be described in conjunction With 
the accompanying draWings, in Which: 

[0019] FIG. 1A depicts an exemplary cochlear implant 
device in Which embodiments of the present invention may 
be advantageously implemented. 

[0020] FIG. 1B depicts a block diagram of the primary 
functional elements of a cochlear implant according to one 
embodiment of the present invention. 

[0021] FIG. 2 depicts a dedicated hardWare version of a 
cochlear implant prosthesis according to one embodiment of 
the present invention. 

[0022] FIG. 3A is a graph of a possible output of an 
amplitude estimator module of FIG. 2. 

[0023] FIG. 3B is a graph ofa possible output ofa period 
estimator module of FIG. 2 of the same channel as the 
amplitude estimator of FIG. 3A. 

[0024] FIG. 3C is a graph of stimulation currents gener 
ated via an electrode in accordance With the amplitude and 
period estimates of FIGS. 3A and 3B. 

[0025] FIG. 3D is a graph of stimulation currents gener 
ated via a further electrode having a stimulation current 
occurring simultaneously With a stimulation current in the 
graph of FIG. 3C. 

[0026] FIG. 3E is a graph of a single stimulation current. 
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[0027] FIG. 4 is a ?owchart of operations Which may be 
implemented the present invention by means of softWare on 
an apparatus of the type depicted in FIG. 1A. 

[0028] FIG. 5 is a ?owchart of procedural sub-steps 
involved in one of the boxes appearing in FIG. 4. 

DETAILED DESCRIPTION 

[0029] The present invention is generally directed to a 
cochlear implant system in Which information about the 
periodicity of a received audio signal in each ?lter channel 
is used as a factor in determining the rate of stimulation 
applied to a tonotopically placed electrode corresponding to 
the relevant ?lter channel. That is, the stimulation rate for 
each electrode is related to the periodicity of the signal in the 
?lter channel corresponding to that electrode. This may 
alloW for improved perception of pitch by the implant 
recipient. 
[0030] The present invention Will be described With ref 
erence to a speci?c implementation. HoWever, it Will be 
appreciated that the present invention can be implemented in 
various Ways, With suitable modi?cations to suit the 
cochlear implant system in question. 

[0031] With reference to FIG. 1B, there is depicted a 
simpli?ed digital hardWare implementation of a cochlear 
prosthesis according to one embodiment of the present 
invention. Sound Waves are transduced by microphone 11 
and the electrical signal so produced is processed by a signal 
conditioning module 13. Signal conditioning module 13 
includes standard circuits for pre-amplifying and loW pass 
?ltering the signal prior to its processing by analog-to-digital 
converter ADC 15. 

[0032] Analog-to-digital converter 15 produces a 16 bit 
digital signal Which is conveyed to microprocessor 17. 
Microprocessor 17 operates according to a program stored in 
EPROM 19. Microprocessor 17, in accordance With its 
executing program, operates upon the digital signal to gen 
erate a sequence of stimulation commands Which are deliv 
ered to a sWitchable current source module 23. The com 
mands delivered to the sWitchable current source module 23 
specify the amplitude of the current that is to How from one 
or more electrodes to one or more other electrodes, the 
timing of the stimulation current, and the mode of the 
stimulation. The term ‘mode’ here refers to the selection of 
electrodes betWeen Which stimulation current is to How. 
Well-known stimulation modes include, but are not limited 
to, bipolar, monopolar and common ground. 

[0033] Upon receiving commands specifying the param 
eters of the stimulation to be applied, sWitchable current 
source module 23 connects various electrodes of electrode 
array 21 to an internal controllable current source to gener 
ate the appropriate stimulation. The construction of a sWit 
chable current source is Well-known in the art and may be 
found in the applicant’s US. Pat. No. 4,532,930. 

[0034] FIG. 2 depicts a dedicated hardWare implementa 
tion of one embodiment of the present invention. While 
FIG. 2 illustrates the invention as if individual tasks per 
formed by microprocessor 17 Were embodied in dedicated 
hardWare, it remains the case that the invention is most 
readily practiced according to the arrangement of FIG. 1B. 
The invention Will, hoWever, be described With reference to 
FIG. 2 in order to more clearly impart an understanding of 
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the function and its operation of embodiments of the present 
invention. In the following description, reference Will also 
be made to FIGS. 4 and 5 Which are How charts illustrating 
the operations performed in certain embodiments of the 
present invention. FIGS. 3A through 3E are Waveforms 
referred to throughout the following description. 

[0035] Referring to FIG. 2 it Will be noted that the analog 
signal from pre-conditioning module 13 is ?rst sampled at 
16 kHZ by sampler 31 thereby producing a sampled signal. 
The sampled signal is split 22 Ways, each of the split signals 
providing an input to digital ?lters 35A-35V Which ?lter the 
signal into quarter octave frequency bands. It Will be appre 
ciated that the numbers of Ways the signal is split, and the 
sampling rate, are matters of design choice appropriate to the 
system in Which the present invention is implemented. 
Referring to FIG. 4, this operation, described in further 
detail next beloW, is illustrated in block 402, in Which “M” 
has a value of, in this example, 22. 

[0036] In one embodiment, digital ?lters 35A-35V are 
bandpass and logarithmically spaced With the base fre 
quency being typically at 150 HZ. In one particular embodi 
ment, each ?lter is of a 6th order Chebychev Type I bandpass 
type implemented in three second order sections. The quar 
ter octave frequency bands are as shoWn in Table 1. 

TABLE 1 

LoWer Frequency Upper Frequency 
Filter Band Boundary (HZ) Boundary (HZ) 

A 150.00 178.38 
B 178.38 212.13 
C 212.13 252.27 
D 252.27 300.00 
E 300.00 356.76 
F 356.76 424.26 
G 424.26 504.54 
H 504.54 600.00 
I 600.00 713.52 
J 713.52 848.53 
K 848.53 1009.10 
L 1009.10 1200.00 
M 1200.00 1427.00 
N 1427.00 1697.10 
0 1697.10 2018.20 
P 2018.20 2400.00 
Q 2400.00 2854.10 
R 2854.10 3394.10 
S 3394.10 4036.30 
T 4036.30 4800.00 
U 4800.00 5708.20 
V 5708.20 6788.20 

[0037] Next, the ?lter channel signals are analyZed to 
obtain the amplitude and period for each channel, as 
depicted at block 404 in FIG. 4. The bandpass ?ltered signal 
from each of the digital ?lters, for example 35A, is provided 
to an associated amplitude detection module 37A and a 
period estimation module 39A. The output AMP[A] of 
amplitude detection module 37A is a digital signal repre 
senting an estimation of the amplitude of the sampled signal 
from ?lter 35A. The construction of module 37A is straight 
forWard, Well understood by those skilled in the art, and Will 
not be explained in further detail herein other than to say that 
it could be based on a series of comparators. 

[0038] Period estimation module 39A counts sampling 
periods betWeen positive Zero crossings of the signal from, 
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?lter 35A. The output signal PERIOD[A] is scaled so that it 
is expressed in units of “timeslices”. 

[0039] One “timeslice” is the time taken to deliver one 
stimulation pulse by means of an electrode. With reference 
to FIG. 3E an example of a stimulation current pulse 
Waveform comprises a ?rst “phase”103 being a square Wave 
of predetermined amplitude, an interphase gap 105 and a 
second phase 107 being a current square Wave of the same 
magnitude and duration as the ?rst phase 103 but ?oWing in 
the opposite direction betWeen an intra-cochlear electrode 
and (in mono-polar mode) an extra-cochlear electrode. Time 
periods 109 and 111 are present in Which the system gen 
erating the stimulations has time to perform any necessary 
operations in order to con?gure for the next stimulation. The 
overall time taken to set-up, deliver and recover from 
application of a stimulation is one timeslice, in the present 
example a timeslice is of approximately 69 microseconds 
duration. 

[0040] In the present exemplary implementation the pre 
ferred maximum stimulation rate is 8 kHZ Whereas the 
preferred sampling rate is 16 kHZ. Accordingly PERIOD[A] 
is the number of samples occurring betWeen positive-going 
Zero crossings divided by tWo and rounded. The PERIOD 
[A] signal is updated at the end of each period. Thus, the 
AMP[A], . . . ,AMP[V] and PERIOD[A], . . . , PERIOD[V] 

signals contain magnitude and period information concem 
ing the ambient sound picked up by microphone 11 for each 
of the frequency bands monitored by bandpass ?lters 35. 

[0041] Next the stimulus signals are selected, as depicted 
at block 406 of FIG. 4. It is possible to simply stimulate via 
each corresponding electrode e[i] With a current intensity 
corresponding to AMP[i] at a time PERIOD[i] into the 
future in order to convey the information generated by 
amplitude detectors 37 and period estimators 39 to a Wearer 
of the cochlear prosthesis. For example, With reference to 
FIGS. 3A, 3B and 3C a stimulation sequence via electrode 
e[A] is shoWn corresponding to amplitude and period values 
generated by amplitude detection module 37 A and period 
estimation module 39 A as shoWn plotted in FIGS. 3A and 
3B. Period[A] is equal to P1 at time t=0 and Amp[A] is equal 
to al. Accordingly at a time t=P1 a stimulation current is 
delivered via electrode e[A] of electrical amplitude I(a1) 
Where I( ) is a loudness groWth function Which maps 
amplitude into the dynamic range of the Wearer of the 
prosthesis. This is depicted at block 408 of FIG. 4. 

[0042] The period P2 and amplitude a2 values are then 
obtained and a further stimulation is delivered at time 
t=P1+P2 of amplitude l(a2). This process is repeated con 
tinuously to produce the stimulation sequence of biphasic 
current pulses shoWn in the graph of FIG. 3C. As previously 
mentioned, such a process could be simultaneously per 
formed independently on all channels of the implant, (a 
“channel” as used here refers to a stimulation electrode, its 
corresponding ?lter and period and amplitude estimation 
modules). 
[0043] In the system thus far described the period estima 
tion module 39A produces a period estimate Which is simply 
the time delay betWeen the last tWo positive-going Zero 
crossings. While this system Works Well, any noise on the 
individual period estimates Will degrade the performance of 
the system. To prevent this, it is desirable to calculate a 
smoothed period estimate. 
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[0044] The individual period estimates constitute a num 
ber sequence Which is amenable to any of the methods of 
smoothing knoWn to the art of digital signal processing. The 
smoothing may, for example, be implemented as a simple 
FIR or recursive digital ?lteripreferably a loW-pass ?lter. 
Alternatively a rank-order ?lter, such as a median ?lter may 
be used. A rank-order ?lter has the advantage that it Will 
completely remove any single data errors from the number 
sequence. A smoothed period estimate is thus produced by 
applying the sequence of period estimates to a digital ?lter, 
and taking the output of that ?lter. The smoothed period 
estimate is then utiliZed by taking the most recent output 
from the ?lter and using it in place of the (unsmoothed) 
period estimate. 

[0045] With reference to FIG. 3D there is shoWn a stimu 
lation sequence via electrode e[B]. It Will be noted that 
stimulation pulse 102 occurs at exactly the same time as 
stimulation pulse II(a2) of FIG. 3C. Such coincidences 
occur more and more frequently depending on the number of 
channels used. 

[0046] As discussed above, it is Well knoWn that simulta 
neous, or very near simultaneous, stimulation may produce 
a deterioration in the quality of the sound perceived by the 
user, due to the interaction of simultaneous current paths 
betWeen the electrodes. 

[0047] In light of this issue the inventors have incorpo 
rated a re?nement for determining Which information sig 
nals coming from amplitude detectors 37 and period esti 
mation modules 39 are most appropriate to be processed to 
produce a high quality percept in a user. Referring to FIG. 
5, at block 502 the ?lter channels are updated or initialiZed. 
According to certain embodiments of the invention, for any 
stimulation period, i.e., a “timeslice” such as time slice t0, 
the signals AMP[A,t0], . . . ,AMP[V,t0] are ordered accord 
ing to magnitude and a stimulation current is generated by 
means of the electrode Which corresponds to the signal 
AMP[A,t0], . . . ,AMP[V,t0] having the greatest magnitude. 
(It should be noted that, When implanted, electrodes e[A], . 
. . ,e[V] are tonotopically mapped to ?lters fA, . . . ,fV so that 

electrode e[A] is most apically placed Whereas electrode 
e[v] is most basally placed.) For example, if it is found that 
AMP[F,t0] has the greatest magnitude at a given timeslice 
then electrode e[F] is used to deliver the monopolar stimu 
lation in the next timeslice 11. This is depicted at block 504 
in FIG. 5. 

[0048] A further variation to this scheme is that a number 
of the next largest magnitude signals are also determined in 
the same timeslice, for example AMP[G,t0]>AMP[B,t0] 
>AMP[K,t0] might be determined to have the magnitudes 
next greatest to AMP[F,t0]. In that case those values are 
assigned to AMP[G,t1], AMP[B,t1] and AMP[K,t1], respec 
tively. During the next timeslice, t1, the procedure is 
repeated and it may be that AMP[G,t1] is selected as having 
the greatest magnitude so that electrode e[G] is selected for 
delivering a stimulation pulse of amplitude corresponding to 
AMP[G,t1]=AMP[G,t0]. By using this scheme it is possible 
that signals having a large magnitude, though not the great 
est, are presented to the user after a short time delay. This is 
depicted at block 506 in FIG. 5. The inventors have found 
that most acoustic poWer is centered around the loWer 
frequency bands Which have longer periods associated With 
them Whereas the higher frequency bands generally have 
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less poWer associated With them as Well as being of shorter 
period. Accordingly, it is predominantly higher frequency 
sounds Which are delayed rather than loWer frequency 
sounds. 

[0049] A further re?nement is that rather than calculate 
period estimates With respect of the outputs from ?lters 
centered at higher frequencies, for example for ?lters F1, . 
. . FV, period estimators 39A, . . . ,39V simply generate a 

constant signal, or periodicity value. For example, in one 
embodiment period estimators 39 generate a periodicity 
value indicating a period of, for example, 1.25 ms, i.e., a 
periodicity value toWards the highest stimulation rate that 
the device is capable of supporting. 

[0050] While the preceding description covers a system 
utiliZing period estimators on some or all of the bandpass 
?ltered signals, it is possible to implement the system more 
simply. For example, in one embodiment a stimulus could be 
requested each time a positive Zero-crossing is detected on 
a ?lter output. Once per timeslice each channel is interro 
gated to see if it has a stimulation request pending. If there 
are no requests pending, then no action is required. If there 
is exactly one request pending, then a stimulus is generated 
corresponding to that request. 

[0051] If more than one request is pending, then the 
folloWing actions are taken. The requests are sorted accord 
ing to the amplitudes of the corresponding bandpass ?ltered 
signals (block 504). A stimulus is generated corresponding 
to the bandpass ?ltered signal With the largest amplitude 
(block 506). The next N largest (preferably 5 largest) ampli 
tude requests are delayed by one timeslice (block 508). Any 
remaining requests are cancelled (block 510). 

[0052] Referring to FIG. 2, each request generator 41 and 
its associated period estimation circuit 39 are collectively 
referred to pulse requestor 49. Loudness groWth function 47 
and request arbitrator 43 are collectively referred to as pulse 
generator 59. The request generators 41A, . . . ,41V and 
request arbitrator 43 operate to determine Which electrode 
Will be stimulated from the AMP[A], . . . ,AMP[V] and 

PERIOD[A], . . . ,PERIOD[V] signals. The operation of the 
request generators and the request arbitrator, in order to 
implement the above scheme, Will noW be explained With 
exemplary reference to request generator 41A. 

[0053] The AMP[A] and PERIOD [A] signals are inputs to 
request generator module 41A. Another input to the request 
generator is the CLK signal Which corresponds to the 
present timeslice. The CLK signal is modulus 256 to avoid 
over?oW problems. Another input to request generator 41A 
is a command signal ARB_CMD[A] from request arbitrator 
43. 

[0054] The AMP[A] and PERIOD[A] signals are inputs to 
request generator module 41A. Another input to the request 
generator is the CLK signal Which corresponds to the 
present timeslice. The CLK signal is modulus 256 to avoid 
over?oW problems. Another to request generator 41A is a 
command signal ARB_CMD[A] from request arbitrator 43. 

[0055] The outputs from request generator 41A are 
TSLICE[A] and REQ_AMP[A]. 

[0056] The TSLICE[A] represents the time at Which it is 
proposed by generator 41A that a stimulation be delivered 
having an amplitude value represented by REQi AMP[A]_ 
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[0057] The relationship between TSLICE[A] and 
PERIOD[A] and REQ_AMP(A) and AMP[A] is determined 
by the value of the ARB_CMD[A] signal. The ARB_CMD 
[A] signal can take one of three values REQUEST, DELAY, 
DISCARD. When ARB_CMD[A] takes the value: 

[0058] REQUEST 

[0059] then REQ_AMP[A]:=AMP[A]; TSLICE[A]:= 
CLK+PERIOD[A] 

[0060] DELAY 

[0061] then TSLICE[A]:=TSLICE(A]+1 

[0062] DISCARD 

[0063] take no action. 

[0064] The principle behind these rules is that in the event 
that request arbitrator 43, Whose operation Will shortly be 
described, determines that a stimulation pulse should be 
applied corresponding to the output from ?lter 35 A then by 
sending an ARB_CMD[A] signal having the value 
REQUEST to request generator 41A the amplitude and 
timing of the stimulation pulse is made available at the next 
timeslice. Alternatively, if ARB_CMD[A] takes the value 
DELAY then the corresponding TSLICE[A] variable is 
incremented. Construction of the request generator, in order 
to implement the above rules is readily accomplished 
according to established synchronous digital design tech 
niques. 

[0065] Request arbitrator module 43 takes as its input the 
signals TSLICE[A], . . . , TSLICE[V] from each of the 

request generators 41A-41V, REQ_AMP[A], . . . 

,REQ_AMP[V) and the CLK signal. Arbitrator module 43 
generates a signal P_CHAN Which identi?es Which of 
electrodes e[A], . . . ,e[V] of the electrode array is to be used 
to apply a stimulation. 

[0066] The arbitrator module also generates a signal 
P_AMP Which takes a value REQ_AMP[A], . . . ,REQ 

AMP[V] Which is used, after scaling as Will subsequently be 
described, to determine the amplitude of the signal to be 
used When applying stimulation. Request arbitrator module 
43 operates according to the folloWing rules: 

[0067] 
[0068] 2. Find N channels of those determined in Step 1 
Which have the largest value of REQ_AMP[j]. The channel 
With the largest value of REQ_AMP[j] and TSLICE[j] as 
determined in step 1 is found and P_CHAN set to j and 
P_AMP set to REQ_AMP[j]. So that a stimulation is 
directed via electrode e[j] With amplitude scaled from the 
value P_AMP=REQ_AMP[j]. This is accomplished by set 
ting the ARB_CMD[j] signal to REQUEST. 

1. Find all TSLICE[i] With a value equal to CLK. 

[0069] 3. The channels having the next N-l largest ampli 
tude values REQ_AMP[] are delayed by one timeslice for 
consideration during set up for the next stimulation. This is 
achieved by sending an ARB_CMD[] signal to the corre 
sponding N-l request generators to DELAY. 

[0070] 4. The remaining channels, Which Were selected in 
step 1 but not in step 2 are discarded. This is achieved by 
sending the corresponding request generators an ARB 
_CMD[] signal of value DISCARD. 
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[0071] 5. If any of the request generators is sending a 
speci?c “no pulse request” then the corresponding ARB 
_CMD[] signals are set to REQUEST. 

[0072] Once the P_CHAN and P_AMP values have been 
determined they are passed to Loudness GroWth Function 
(LGF) module 47. As noted above With reference to block 
408, the groWth function module takes into account the 
predetermined comfort and threshold levels of the user of 
the cochlear prosthesis in order to map 49 the P_AMP values 
into the listener’s dynamic range. Such mapping is knoWn in 
the prior art and the reader is referred to US. Pat. No. 
4,532,930 for further details. 

[0073] The invention is most conveniently practiced, in 
accordance With the embodiment of FIG. 1A, by program 
ming a SPrint speech processor, available from Cochlear 
Limited of 14 Mars Road, Lane Cove, NSW 2066, Australia, 
in order to perform the operations described herein. In one 
application, the SPrint speech processor is used in conjunc 
tion With a Cl24M cochlear implant receiver-stimulator 
from the same vendor. 

[0074] At block 402, for each sample period, the sound 
signal is ?ltered into the required number of channels. At 
block 404, the signal in each channel is analyZed to deter 
mine its amplitude, and the period of the signal. The latter 
may be performed by determining the time betWeen succes 
sive Zero crossings, as described above. Based upon the 
values for the amplitude and period for each channel, at 
block 406 the channel signal is to be used as the basis for 
stimulation, and hence the electrode to be stimulated, is 
selected. Loudness mapping block 408 performs the func 
tion of mapping the desired amplitude stimulus Within the 
dynamic range for the selected electrode. The latter step is 
Well knoWn to those skilled in the art. 

[0075] FIG. 5 illustrates one embodiment of the opera 
tional steps performed at block 406 of FIG. 4. At initial 
iZation, in block 502, the stimulus selector updates all inputs. 
The inputs are the values for amplitude and period as 
described previously. At block 504, each input channel is 
checked to determine if a stimulation is being requested for 
the next period, based upon the period value, and all such 
channels are sorted according to amplitude. At block 506, all 
channels but the largest amplitude channel are delayed to a 
later stimulation period. At block 508, the largest amplitude 
channel is selected as the basis for stimulation, and the 
inputs for that channel are updated to re?ect that a stimulus 
Will be delivered that period. Block 510 completes the 
process by discarding the remaining channels by updating 
their inputs. The operations illustrated in FIG. 5 are repeated 
for each period. 

[0076] This application is a divisional application of US. 
patent application Ser. No. 10/030,830, ?led Jun. 5, 2002, 
Which is a national stage application of PCT/AU 2000/ 
000838 ?led Jul. 12, 2000, Which claims priority from 
Australian Provisional Application PQ 1610 ?led Jul. 13, 
1999. The entire disclosure and contents of the above 
applications are hereby incorporated by reference herein. 

[0077] While the invention has been described With ref 
erence to preferred embodiments, it is to be understood that 
these are merely illustrative of the application of principles 
of the invention. Accordingly, the embodiments described in 
particular should be considered exemplary, not limiting, 
With respect to the folloWing claims. 
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1-18. (canceled) 
19. A cochlear implant prosthesis for delivering to a 

recipient’s cochlea stimulation pulses representing a 
received audio signal, comprising: 

a processor con?gured to process electrical signals cor 
responding to the received audio signal to produce a 
plurality of ?ltered signals having different center fre 
quencies; 

a plurality of amplitude detectors each producing a mag 
nitude signal dependent on the magnitude of one of said 
?ltered signals; 

a plurality of pulse requestors each con?gured to produce 
a pulse request signal dependent on a periodicity of one 
of said ?ltered signals; 

a pulse generator con?gured to produce stimulation pulses 
at time instants dependent on said pulse request signals, 
With the magnitude of said stimulation pulses depen 
dent on said magnitude signals; and 

a plurality of electrodes for delivering said stimulation 
pulses. 

20. The cochlear implant prosthesis of claim 19, Wherein 
one or more of said plurality of pulse requesters are respon 
sive to a ?ltered signal having a high center frequency, and 
further Wherein said one or more pulse requesters each 
produce said pulse request signals With a constant time 
interval. 

21. The cochlear implant prosthesis of claim 19, Wherein 
each said pulse requestor comprises: 

a period estimator con?gured to determine a period of 
said ?ltered signal. 

22. The cochlear implant prosthesis of claim 21, Wherein 
each said period estimator is con?gured to measure a time 
interval betWeen successive positive Zero-crossings of aid 
?ltered signal. 

23. The cochlear implant prosthesis of claim 19, Wherein 
each said pulse requestor is con?gured to generate a pulse 
request signal each time a positive Zero-crossing is detected 
on said ?ltered signal. 

24. The cochlear implant prosthesis of claim 21, Wherein 
each said period estimator is con?gured to measure a time 
interval betWeen successive positive Zero-crossings of said 
?ltered signal, and further Wherein said pulse requestor 
further comprises: 

a request generator con?gured to generate said pulse 
request signal in response to said time intervals. 

25. The cochlear implant prosthesis of claim 24, Wherein 
said request generator is further responsive to previous 
values of said time interval so as to generate said pulse 
request signal in response to a smoothed time interval value. 

26. The cochlear implant prosthesis of claim 19, Wherein 
said pulse generator comprises: 

a pulse request arbitrator con?gured to receive said pulse 
request signals from said plurality of pulse requestors, 
Wherein said pulse request arbitrator is further con?g 
ured to permit a single pulse to be generated at a given 
time. 

27. The cochlear implant prosthesis of claim 19, Wherein 
said pulse generator is further con?gured to permit a plu 
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rality of pulses to be generated simultaneously When a 
plurality of pulse request signals are simultaneously active. 

28. The cochlear implant prosthesis of claim 26, Wherein 
When a plurality of pulse requestors simultaneously produce 
a pulse request signal, said single pulse permitted by said 
pulse request arbitrator is a pulse Which has a greatest 
corresponding magnitude signal. 

29. The cochlear implant prosthesis of claim 26, Wherein 
said pulse request arbitrator is further con?gured to examine 
said pulse request signals at a start of each timeslice, 
Wherein said timeslice is the time taken to output a stimu 
lation pulse. 

30. The cochlear implant prosthesis of claim 29, Wherein 
said pulse request arbitrator is further con?gured to Wait 
until a next timeslice When no pulse request signals are 
produced by said plurality of pulse requestors. 

31. The cochlear implant prosthesis of claim 29, Wherein 
said pulse request arbitrator is further con?gured to order 
according to magnitude said magnitude signals correspond 
ing to the active pulse request signals, and to produce a 
stimulation pulse corresponding to a greatest magnitude 
signal, and delay by one timeslice a number of said pulse 
request signals corresponding to a next greatest magnitude 
signals, and to discard any remaining pulse request signals. 

32. A method for delivering to a recipient’s cochlea 
stimulation pulses representing a received audio signal, 
comprising: 

processing electrical signals corresponding to the 
received audio signal to produce a plurality of ?ltered 
signals having different center frequencies; 

producing a plurality of magnitude signals each represen 
tative of the magnitude of one of said plurality of 
?ltered signals; 

producing one or more pulse request signals each depend 
ing on a periodicity of one of said plurality of ?ltered 
signals; 

producing stimulation pulses at time instants dependent 
on said one or more pulse request signals, With a 
magnitude of said stimulation pulses dependent on said 
magnitude signals; and 

delivering said stimulation pulses to the recipient’s 
cochlear. 

33. The method of claim 32, Wherein said producing one 
or more pulse request signals comprises: 

producing one or more pulse request signals responsive to 
a ?ltered signal having a high center frequency, 
Wherein said one or more pulse request signals have a 
constant time interval. 

34. The method of claim 32, Wherein said producing one 
or more pulse request signals comprises: 

measuring a time interval betWeen successive positive 
Zero-crossings of said plurality of ?ltered signals. 

35. The method of claim 34, Wherein said producing one 
or more pulse request signals comprises: 

generating a pulse request signal each time a positive 
Zero-crossing is detected on said ?ltered signal. 

36. The method of claim 34, Wherein said producing one 
or more pulse request signals comprises: 
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producing one or more pulse request signals based on a 
time interval between successive positive Zero-cross 
ings of said plurality of ?ltered signals. 

37. The method of claim 32, Wherein said producing 
stimulation pulses comprises: 

producing a single stimulation pulse at a given time. 
38. The method of claim 32, Wherein said producing 

stimulation pulses comprises: 

producing a plurality of stimulation pulses simultaneously 
When a plurality of pulse request signals are simulta 
neously active. 

39. The method of claim 38, Wherein When a plurality of 
pulse request signals are produced simultaneously, said 
single pulse permitted by said pulse request arbitrator is a 
pulse Which has a greatest corresponding magnitude signal. 

40. The method of claim 32, Wherein said producing one 
or more pulse request signals comprises: 

examining said pulse request signals at a start of each 
timeslice, Wherein said timeslice is the time taken to 
output a stimulation pulse. 
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41. The method of claim 40, Wherein said producing one 
or more pulse request signals comprises: 

Waiting until a next timeslice When no pulse request 
signals are produced by said plurality of pulse request 
ors. 

42. The method of claim 32, Wherein said producing one 
or more pulse request signals comprises: 

ordering according to magnitude said magnitude signals 
corresponding to the active pulse request signals; 

producing a stimulation pulse corresponding to a greatest 
magnitude signal; 

delaying by one timeslice a number of said pulse request 
signals corresponding to a next greatest magnitude 
signals, and to discard any remaining pulse request 
signals. 


